Abstract The fascinating prospect to direct tissue regeneration by magnetic activation has been recently explored. In this study we investigate the possibility to boost bone regeneration in an experimental defect in rabbit femoral condyle by combining static magnetic fields and magnetic biomaterials. NdFeB permanent magnets are implanted close to biomimetic collagen/hydroxyapatite resorbable scaffolds magnetized according to two different protocols. Permanent magnet only or non-magnetic scaffolds are used as controls. Bone tissue regeneration is evaluated at 12 weeks from surgery from a histological, histomorphometric and biomechanical point of view. The reorganization of the magnetized collagen fibers under the effect of the static magnetic field generated by the permanent magnet produces a highly-peculiar bone pattern, with highly-interconnected trabeculae orthogonally oriented with respect to the magnetic field lines. In contrast, only partial defect healing is achieved within the control groups. We ascribe the peculiar bone regeneration to the transfer of micro-environmental information, mediated by collagen fibrils magnetized by magnetic nanoparticles, under the effect of the static magnetic field. These results open new perspectives on the possibility to improve implant fixation and control the morphology and maturity of regenerated bone providing ''in site'' forces by synergically combining static magnetic fields and biomaterials.
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Introduction
Throughout life bone is continuously subjected to a range of mechanical forces that influence both its external geometry and internal architecture [1] . Adaptation of bone to the mechanical environment is due to targeted activation of bone multicellular units with pre-existing bone being initially removed by osteoclasts and subsequently replaced by osteoblastic activity [2] . The remodelling process is known to be a low energy process governed by both genetic and environmental information [3, 4] . Environmental cues, such as mechanical loads, determine extracellular matrix (ECM) allosteric variation and cellular arrangement of bone in order to optimize biomechanical function [5] . At the lowest hierarchical level in the structure of the bone ECM is tropocollagen. Tropocollagen comprises three polypeptide molecules that are folded in the characteristic triple helical configuration to produce a rod-like molecule with a length of about 300 nm and a diameter of around 1.5 nm [6] . The inorganic component of bone comprises hydroxyapatite (HA) crystals 25-50 nm in size, densely deposited onto the collagen fibrils [7] . At the beginning of the mineralization process apatite crystals nucleate from an amorphous phase in the less dense zone of the collagen fibril and subsequently grow in the c-axial length following the long axis of the collagen [8, 9] . The stereochemical interaction of collagen fibers with HA crystals determines the 3D architecture of bone and its material properties. A major problem in orthopedics is how to best treat patients with a critical sized bone defect. Bone can spontaneously heal when the degree of bone loss is smaller than a critical size that depends on a variety of factors including bone type, segment and animal species [10] . Above the critical size a bone defect will not heal without intervention. Living systems such as cells and tissues can be described as stable but far from thermodynamic equilibrium systems with input energy used to enforce stability or repair damage [11, 12] . Such a system can maintain order over long periods of time but only in the absence of significant perturbations. If the energy in-flow stops the system order declines rapidly to equilibrium and death [13] . From a thermodynamic point of view the failure to repair a critical bone defect may be explained by a loss of information from the environment with an increase in the level of entropy until equilibrium is reached, biologically equating to formation of fibrous scar tissue rather than highly organized bone [13] .
A number of tissue engineering approaches have been developed during the last decades aiming to repair critical sized bone defects. These have been focused predominantly on bone autografts, allografts or synthetic graft material in addition to the use of novel scaffolds mainly based on calcium phosphates and hydroxyapatite [14] [15] [16] [17] . Other methodologies such as the combined use of static magnetic fields and magnetic nanoparticles, whose effects on bone cell proliferation and differentiation have recently been investigated, are of increasing interest [18] . In particular, magnetic nanoparticles have been extensively investigated as suitable vectors for applying forces to and mechanically conditioning single cells or populations of cells [19, 20] . Application of a strong static magnetic field to the system induces a high magnetic gradient field that causes displacement of the particles along the gradient vector with the production of compression and tensile forces on the cell membrane resulting in cytoskeleton deformation and cell dragging [21] . Mechanical forces, transmitted to the cytoskeleton by membrane receptors such as integrins, are envisaged to activate a number of intracellular signaling pathways including changes in intracellular calcium levels and MAP kinase activity that replicate the effect of mechanical loading and regulate osteocyte and osteoblast function eventually leading to the development and normal function of bone tissue [22] [23] [24] [25] [26] [27] [28] . Recently we proposed a novel approach to stimulation of bone growth by exploiting the synergic effect of static magnetic fields and magnetized biomimetic materials [29] [30] [31] . Initial studies demonstrated that a biomimetic and biodegradable scaffold magnetized with magnetic iron oxide nanoparticles implanted in contact with a titanium coated permanent magnet in an experimental bone defect in a rabbit condyle was able to dynamically re-organize its internal structure over a 4 week follow-up period, strongly influencing newly-formed bone tissue volume [32] .
In the current study we present the pattern of bone regeneration after 12 weeks of follow-up in an experimental bone defect model in rabbit femoral condyle treated by a hybrid biomimetic collagen/HA scaffold magnetized with magnetic nanoparticles according to two different protocols and implanted close to a titanium-coated permanent magnet. We show that the synergic combination of magnetic forces and magnetized biomaterials is able to generate a characteristic bone pattern with dense and highly-interconnected bone trabeculae orthogonally oriented nearly with respect to the magnetized collagen fibrils and parallel to the isomagnetic lines of the permanent magnet.
Methods

Synthesis of the magnetic scaffolds
Four different groups (two magnetic groups and two control groups) were considered in this study (Fig. 1, top) .
Collagen/HA hybrid magnetic scaffolds were prepared following two different protocols. Method A is based on the concurrent nucleation of biomimetic hydroxyapatite and 7 wt.% ferromagnetic nanoparticles (MNPs, Aldrich n.637106, iron (II, III) oxide, \50 nm uncoated particles; Sigma-Aldrich, St. Louis, MO, USA) on self-assembling type I collagen fibrils, thus realizing the magnetization of the scaffold material in situ (Magnetic scaffold A: MAG-A) [33] . The mineralization process was performed following an acid-base neutralization process in the presence of the ferromagnetic nanoparticles. The process induces the formation of the hydroxyapatite nano-nuclei in direct contact with the collagen matrix and the simultaneous entrapment of the magnetic nanoparticles in the collagen fibres. The dried cylindrical porous samples were finally obtained by a controlled freeze-drying process (Magnetic scaffold A: MAG-A) [33] . Method B is based on the infiltration of collagen/HA hybrid porous scaffolds with a ferro-fluid solution leaving ferromagnetic nanoparticles entrapped in the construct. The scaffolds were then freezedried after rinsing (Magnetic scaffold B: MAG-B) [34] . The ferro-fluid solution referred to as FF-DP is an aqueous dispersion of magnetite nanoparticles coated with starch and functionalized with phosphate groups (density: 2.5 mg ml -1 ; mean size of the nanoparticles *200 nm; Chemicell GmbH, Berlin, Germany). As a consequence of the adopted synthesis method the scaffolds became magnetic whilst maintaining their specific porosity and shape. All the cylindrical scaffolds, 4-mm in diameter and 4-mm in height, were placed inside single surgical packs and sterilized by c-ray radiation (25 kGy). Two control groups were selected for this experiment: the first control group (MAG C) consisted of the implantation of the NdFeB magnets alone, thus leaving the experimental defect empty. Cylindrical NdFeB magnets (8.00 mm high 9 2.00 mm diameter; 1.2 T) were coated with a titanium capsule (thickness: 200 lm) to increase its biocompatibility (especially due to the formation of a thin layer of titanium oxide on the surface) and to avoid surface corrosion which could result in local toxicity when implanted in bone tissue. NdFeB magnets were sterilized by c-ray radiation (25 kGy). The second control group (MAG D) consisted of commercial biomimetic and re-absorbable porous scaffolds, 4-mm in diameter and 2-mm in height, obtained by biologically inspired nucleation of biomimetic hydroxyapatite on self-assembling type I collagen fibres 70/30 wt%, (RegenOss, Fin-Ceramica SpA, Italy) [35, 36] . All the scaffolds evidenced a similar porous architecture (porosity *87-89 % for MAG A and MAG D, *89-91 % for MAG B) with a tri-dimensional fibrous network suitable for cell penetration and scaffold vascularization ( Fig. 1, bottom) . Mean pore size was *200-350 lm for all the scaffolds. The saturation magnetization was *15 emu/ g for MAG A and *20-23 emu/g for MAG B. [37] .
In vivo Study
The in vivo study was performed following European and Italian Law on animal experimentation, after the approval of the research protocol by the Ethical Committee of Rizzoli Orthopaedic Institute and by the responsible public authorities in accordance with EU regulations. Twelve male rabbits (Charles River, Calco, Lecco, Italy), 2.5 ± 0.3 kg body weight, were housed singularly at a controlled temperature of 22 ± 1°C and relative humidity of 55 ± 5 % and fed a standard diet (Mucedola, Settimo Milanese, Milano, Italy) with filtered tap water ad libitum. General anaesthesia was induced by intramuscular injection of 44 mg/kg ketamine (Imalgene 1000, Merial Italia S.p.A, Assago-Milan, Italy) and 3 mg/kg xylazine (Rompun, Bayer SpA, Milano, Italy) under assisted ventilation with O 2 /air (1/0.4 l min -1 ) mixture and 2.5 % isofluorane (Forane, Abbot SpA, Campoverde di Aprilia-Latina, Italy). Cylindrical defects (2.0 mm in diameter and 12.0 mm in depth) were created bilaterally in the lateral condyle of the distal femoral epiphysis by using a drill; thereafter the defects were widened up to 4.0 mm in diameter to a depth of 4.0 mm. The defects were flushed with cold sterile 0.9 % NaCl solution during the surgical procedure to prevent the risk of bone necrosis. A cylindrical NdFeB magnet was implanted in each defect. Thereafter a magnetic and/or control scaffold was pressed into the defect in order to position the materials as shown in Fig. 1a . Postoperatively antibiotics and analgesics were administered: 0.6 ml/kg flumequil (Flumexil, (FATRO SpA. Ozzano EmiliaBologna-Italy) and 0.1 ml/kg/day metamizole sodium (Farmolisina, Ceva Vetem SpA, Porto Empedocle-Grosseto, Italy). At 12 weeks after surgery animals were euthanized with an intravenous administration of Tanax (Hoechst, Frankfurt am Main, Germany) under general anaesthesia. Femoral condyles were excised, stripped of soft tissue and the presence of haematomas, oedema, and inflammatory tissue reactions was macroscopically evaluated.
Histologic and histomorphometric evaluations
The distal femoral epiphyses were processed for undecalcified bone studies. After fixation in 4 % (v/v) buffered paraformaldehyde, samples were dehydrated in a graded series of alcohol/water mixture for 24 h each (50°, 70°and two passages in 95°), followed by complete dehydration in absolute alcohol. After removal of water from the specimens a 24 h-infiltration period in methyl methacrylate was performed to prepare the tissue for final embedding in poly-methyl methacrylate resin (Merck, Schuchardt, Hohenbrunn, Germany). Embedded bone samples were longitudinally sectioned along a plane parallel to the long axis of the implant with the cutting system EXAKT (EXAKT Apparatus GmbH, Norderstedt, Germany). The cutting plane allowed the simultaneous visualisation of the entire length of the NdFeB magnets and the magnetic and/or control scaffolds as shown in Fig. 1b . Histological sections, up to &10 lm thickness, were stained with Toluidine blue, acid fuchsin and fast green for subsequent histomorphometric analysis. For all the histological images reported in the present manuscript, bone tissue appears grey/light blue, the residual scaffold material (magnetized collagen fibers) is brownish, the permanent magnet is black and the bone marrow (infiltrated by PMMA) appears white/transparent. Bone histomorphometry measurements were performed semiautomatically using an optic microscope (BX51, Olympus Optical Co. Europa GmbH, Germany) connected to an image analyser system (Qwin, Leica Imaging Systems Ltd., United Kingdom). Through the image analyser system a defined region of interest (ROI) of 1400 9 1400 pixels was drawn at the interface between NdFeB magnets and magnetic or control scaffold for the middle histological sections. Inside each selected ROI the quantification of new bone formation (Bone Volume/ Total volume, BV/TV, %) and residual material area (Material Volume/Total Volume, Mat.V/TV, %) was carried out through an image binarization process in hue saturation and brightness (HSB) color space.
The local orientation of the newly formed bone trabeculae in the defect region was evaluated and quantified using OrientationJ, an ImageJ plug-in in three condyles for each group [38] . For this analysis, a ROI was selected within the defect area, having the same height of the permanent magnet but separated by 500 lm from its surface. This choice was driven by the necessity to exclude the newly-formed bone trabeculae grown on the biocompatible titanium oxide magnet surface, i.e. not influenced by the presence of the magnetic field but significantly biasing the final results of the analysis. In this ROI, bone tissue was digitally isolated from the background and from the residual scaffold material, by binarizing the image through the HSB color space. After that, a Gaussian gradient-based structure tensor was calculated with a Gaussian window of five pixels (corresponding to 20 lm and considered as the minimum size of the new single trabecula). Coherency was set at 70 % in order to discriminate only the significantly-oriented structures. The orientation of the trabeculae with respect to the central axis of permanent magnet was measured and results reported as different colors according to a scale from -90°to ? 90°. A *0°value corresponded to bone trabeculae parallel to the magnetic field lines, whereas a value close to ±90°was related to trabeculae orthogonal to the magnetic field lines. The histograms of the local angular orientations normalized by the overall number of trabeculae were then obtained; finally, the trabecular orientation values falling in the intervals ?(-) 90°to ?(-) 80°and -10°to ?10°were statistically analyzed for all the investigated groups.
Scanning electron microscopy (SEM) analysis
Methyl methacrylate embedded magnetic scaffolds and bone segments were polished using diamond paste and gold sputtered (film thickness *5 nm) before being studied with a Scanning Electron Microscope (SEM, Cambridge Stereoscan200, Cambridge, UK) equipped with a backscattered electron detector (BSE)
Nanoindentation analysis
On polished PMMA-embedded histological slides, suitable ROIs were selected for nanoindentation analysis, both in the area of implantation (newly-formed bone) and far from the area of implantation (native bone). Three condyles for each group have been studied with the number of useful indents for each bone type within each condyle ranging from 57 to 82. The overall number of indents for each group (MAG A, MAG B, MAG C and MAG D) ranged from 126 to 200 depending on the amount of bone available for nanoindentation tests. Bone regions located at the border between mature and native bone or very close to the magnet side, i.e. not clearly ascribable to one specific bone type were excluded from the data set. For each ROI variable-size two-dimensional matrixes of indents were set up; the distance among subsequent indents was 20 microns in both x and y directions to avoid any influence of residual stresses due to adjacent indentations [39, 40] . The mapping procedure of reduced elastic modulus (E R ) and contact hardness (H c ) was performed using a nanoindentation tester (NHT 2 , CSM Instruments SA, Peseux, Switzerland) equipped with a diamond Berkovic tip. Instrument calibration was performed before nanoindentation tests by measuring indents of increasing depth in fused quartz with an indentation modulus of 72 GPa. E R and Hc were estimated according to the method by Oliver and Parr [41, 42] . In order to limit the viscoelasticity contribution due to the time dependent behavior of bone, a creep hold of 60 s has been introduced at peak load [39] . The following procedure was used for the analyses: a linear loading (loading and unloading rate set at 30 mN/min) for a maximum load of 10 mN [43] . The control of the thermal drift was automatically performed by the system between each indentation. All the data corresponding to unrealistic low elastic modulus measurements (E \ 4GPa, evidently ascribable to indents performed on bone-surrounding PMMA) and to indents performed on or near the edge between bone and PMMA were considered outliers and removed from the dataset. Data corresponding to explicitly inadequate contact points were excluded from the data set. E r and H c of newly-formed and native bone were provided as well as the mechanical gap (%), i.e. the difference between the modulus (and hardness) of the native bone and the modulus (and hardness) of the newly-formed bone.
Statistical analysis
Statistical analysis was performed using the MATLAB software (version 7.13.0.564, Mathworks, Natick, MA, USA). After having verified the normal distribution of data, the one-way ANOVA followed by the post hoc Bonferroni test was used to compare histomorphometric, nanoindentation data and trabecular orientation data. Data are reported as mean values ± standard deviation, at a significance level of P \ 0.05.
Results
Histological and histomorphometric analysis
There were no intra-or post-operative complications. At the end of the experiment explanted bone segments and surrounding tissues did not show signs of infection, oedema or peri-implant soft tissue reactions associated with either the magnetic and control scaffolds or to the NdFeB magnet. A total of 24 bone samples in which the scaffolds and NdFeB magnets retained the correct positioning as indicated by the radiological and histological investigations (representative images are shown in Fig. 2a , b, respectively) were retrieved at 12 weeks.
There was no histological evidence of an adverse interaction between static magnetic field exposure and bone tissue formation and growth. The NdFeB magnets appeared well osteo-integrated with the surrounding cancellous bone as suggested by the direct apposition of bone onto the surface of the magnet (Fig. 2c) . There was no evidence of a mononuclear histiocyte, multinucleated giant cell, lymphocyte or plasma cell infiltrate or region of interposed fibrous capsule in relation to the magnet (as in the case of not implanted animals, Fig. 2d ). There was neither necrosis nor inflammation in relation to the presence of corrosion products or magnetic nanoparticles.
When analyzing the morphology of the regenerated bone pattern, in the MAG A group the combined effect of magnetic forces and magnetized biomaterials resulted in complete sealing of the experimental defect by a deeply interconnected bone trabeculae net (Fig. 3a) . Collagen fibers from the dissolving scaffold were still coated with magnetite, oriented orthogonally to bone trabeculae (Figs. 3b, 4 ) and parallel to the magnetic field lines, as a consequence of the magnetic gradient exerted by the static magnetic field on the magnetic nanoparticles bonded to collagen fibers. Both optical (Fig. 3a) and BSE-EDX (Fig. 4a, b) images highlighted the presence of mature trabeculae with normal osteocyte lacunae (red stars). Instead, only partial healing of the defect was observed in the MAG B group (Fig. 3c) , where bone trabeculae exhibited a more irregular distribution (Fig. 3d) . Contrary to what was observed for the magnetic groups, in both control groups, MAG C (Fig. 3e, f) and MAG D (Fig. 3g,  h ), a significant lack of bone tissue was observed in the area of the experimental defect proximal to the magnet.
Despite the considerable differences in term of tissue morphology between the different groups, histomorphometric data revealed no significant differences between the bone volume (BV/TV %) of MAG A and the volume of the control scaffolds (Fig. 5) . Only BV/TV % of MAG B was lower (P = 0.032) than BV/TV % of MAG C. Concerning Mat.V/TV, MAG A and MAG B were similar (P = 0.973). No data for Mat.V/TV were available for MAG C or MAG D due to the absence of the scaffold in the MAG C group and to the fact that the commercial scaffold of MAG D was completely resorbed at 12 weeks after implantation. The results of the analysis of the trabecular orientation have been reported in Fig. 6 . The percentage of oriented trabecular structures in the intervals between ?(-) 90°to ?(-) 80°was statistically different (P \ 0.05) when comparing MAG A with MAG B or MAG D. The same differences were detected for MAG C versus MAG B and MAG D. Besides, trabeculae in MAG A were less orientated in the -10°to ?10°range than trabeculae in the other group, even if this difference was not statistically significant (P = 0.22).
The BSE-EDX analysis performed on newly-formed bone trabeculae in order to determine the presence of iron Fig. 2 Representative radiological a and optical (b, MAG C, scale bar is 3 mm) images of retrieved implanted condyles, from which the preservation of a correct positioning of the NdFeB permanent magnet at 12 weeks from surgery can be observed. In c a detail of the intimate contact between newly-formed bone and the surface of the permanent magnet (c, MAG C, scale bar is 300 lm). In d the image of a not implanted condyle is shown in order to show normal bone growth in the investigated region (scale bar is 3 mm). In the radiological image a, the permanent magnet appears white, whereas in the histological images b, c it is black. In a-c bone tissue appears green/light blue while bone marrow appears white/transparent (Color figure online) D (g, h) . The permanent magnet is black; mature regenerated bone as well as native bone is stained in green, whereas woven bone visible in c and d is stained in light blue; brownish material is the residual magnetized scaffold collagen fibers. Red lines and arrows help the visualization of the regeneration area. Out with this region, native bone is present (Color figure online) nanoparticles within new bone tissue revealed that, whilst it was possible to identify iron nanoparticles in the less mineralized bone tissue, the more mineralized bone was almost free of iron (Fig. 7) , suggesting that the previous incorporation was subsequently followed by loss of iron nanoparticles from the forming bone tissue.
Evaluation of the mechanical properties of bone tissue
The reduced elastic modulus (Er) was higher (P \ 0.05) for native bone than for new bone (Table 1) suggesting a still active regeneration process 12 weeks from implantation b Scaffold material results of MAG-A and MAG-B at 12 weeks after surgery. Mean ± SD, n = 6, *P \ 0.05 [40] . With respect to hardness, only in the MAG A group was Hc similar (P = 0.52) between newly-formed bone and native bone. The comparison of mechanical gap data indicated that scaffolds magnetized as in MAG A provided new bone tissue with a higher level of maturation (E gap *6.1 %; H gap *-2.2 %) when compared to either MAG B (E gap *13.9 %; H gap *14.5 %) and the non-magnetic groups (E gap *19.2 %; H gap *15.4 % for MAG C and E gap *15.0 %; H gap *23.6 % for MAG D).
Discussion
In this study we investigated for the first time the possibility of boosting bone tissue regeneration in an experimental femur bone defect model by combining static magnetic forces and biomimetic magnetic resorbable scaffolds. At 12 weeks from surgery, a dense and ordered trabeculae framework (Fig. 8b, d ), orthogonally oriented with respect to the magnetic field lines was obtained. The bone regeneration seen in the presence of both magnetic scaffold and permanent magnet was superior to that seen when a non-magnetic scaffold was implanted (Fig. 8f) . Indeed, despite similar BV/TV % values, healing of the defect was inadequate in the non-magnetic groups as evinced by the evident lack of bone tissue in the regeneration area proximal to the permanent magnet. The results of this study also showed that the magnetization method A (MAG A, MPNs nucleation directly on the collagen fiber during collagen/HA scaffold synthesis) was more efficient when compared to method B (MAG B, scaffold impregnated with a ferro-fluid solution) for inducing bone regeneration and to the two control groups (MAG C, only the magnet; MAG D, magnet and non-magnetic scaffold).
Further, nanoindentation analysis indicated that the mechanical properties of newly-formed bone were closer to the mechanical properties of native of bone in MAG A group when compared to the other groups. It is known that bone maturation can be conveniently assessed through mechanical measurements as the mechanical properties are correlated, to a first approximation, to the degree of mineralization [40, 44] . In particular, at 12 weeks from surgery, new bone tissue already achieved the same hardness values of native bone in MAG A, thus the regeneration process could be considered successfully concluded. This did not happen for the ferrofluid-infiltrated magnetic scaffold and for the two control groups, where the mechanical properties of the new bone tissue were still far away from those of the native bone. Therefore, besides the better bone trabeculae architecture, MAG A provided also more mature bone trabeculae than the other groups.
As when only the static magnetic forces (alone or coupled to a non-magnetic scaffold) were present no boosting effect occurred, it appears reasonable to ascribe the peculiar bone trabecular pattern of MAG A to a synergistic effect between static magnetic forces and the biomimetic magnetic scaffold fibers.
It is well known that a number of macromolecules such as collagen and fibrin can be oriented orthogonally to magnetic field lines generated by several tesla permanent magnets [45, 46] . Kotani et al. observed alignment of nonmagnetic collagen fibers orthogonally magnetic fields under static magnetic fields both in vitro and in vivo [18, 47] . However, the effect of combination of a static magnetic field and magnetic scaffolds on bone regeneration has not been previously addressed. In an earlier study we tested the effect of magnetic scaffolds in the absence of a permanent magnetic field [31] . We observed bone regeneration characterized by woven bone trabeculae completely lacking a regular arrangement. We hypothesized that the random disposition of bone trabeculae in the absence of a permanent magnetic field is due to the random orientation of the nanoparticles spin, leading to an overall null magnetic gradient acting in the regeneration site. Fig. 7 BSE-EDX analysis performed on new bone trabeculae in order to determine the presence of iron nanoparticles within novel bone tissue at 12 weeks from surgery. Large view BSE image (a, scale bar is 100 lm) in which the red lines help the visualization of the darker regions exhibiting more fresh bone (less mineralized) compared to the more mature bone tissue which appears brighter (more mineralized). The EDX analysis was performed on brighter spots present both in the less mature (darker, b) and more mature (brighter, d) regions of bone tissue. In the less mineralized regions of bone tissue it was possible to detect some Fe particles (c). In contrast more mineralized tissue generally showed the absence of iron (e). In b and d scale bar is 3 lm Therefore, in the absence of a permanent magnetic field, MNPs did not provide additional functional energy to the system. On the contrary the presence of iron oxide MNPs was rather detrimental for the regeneration process as enhanced bone regeneration was found in the control group (scaffold without MNPs). Subsequently we tested the same biomaterials implanted close to a permanent magnet at 4 weeks follow-up [32] . For the first time in vivo we observed a clear reorganization of the scaffold architecture under the static magnetic field. Magnetized collagen fibers aligned in the same direction of the magnetic field lines generated by the permanent magnet. Bone regeneration occurred in both scaffolds but the bone trabeculae formed did not show any specific geometric pattern and MNPs were dispersed into the new bone tissue.
The rationale for the particular bone growth found in the present study, may be found by observing that cells at the same distance from the permanent magnet lie on the same level of magnetic potential (isomagnetics lines) i.e. they experience the same magnetic force and consequently analogous mechanical stresses. It appears reasonable to postulate that similar mechano-transduction processes may have occurred, activated by the presence of the MNPs, eventually leading to coherent matrix apposition and bone tissue growth in a pattern orthogonal to the magnetic field lines. The observation that a smaller number of structures were exactly oriented at ±90°in the MAG A group when compared to the MAG C group can be ascribed to steric hindrance due to the presence of the scaffold in the MAG A group. Indeed, newly-formed trabeculae tended to orient orthogonally to the magnetic field lines, as demonstrated by the quantitative analysis in the ?(-) 90°to ?(-) 80°r ange, but they had no the same amount of free volume available for bone growth, as for MAG C. However, it should be remarked that this difference was not statistically significant and that MAG C, even if providing similar BV/ TV % values, failed to completely seal the defect. Further, when comparing systems with similar steric hindrance (MAG A, MAG B and MAG D), the synergic positive effect between the permanent magnet and the scaffold was evident in the higher orientation of trabeculae in MAG A compared to MAG B and MAG D.
Magnetic nanoparticles, in turn activated by the static magnetic forces, act as a route by which magnetic information is transferred to the cells. Notably, the ferromagnetic properties of MNPs confer to the biomaterial the possibility of being activated by an external magnetic field and determine a progressive ordered distribution of MNPs (a and b) ; optical images of retrieved bone sections for magnetic (c, and d; scale bar is 100 lm) and control scaffold, (e, and f; scale bar is 400 lm). Optical images of retrieved bone sections indicated a regular bone regeneration pattern, with thick trabeculae orthogonally oriented with respect to magnetic field lines at 12 weeks from surgery (d). In absence of magnetic scaffold or when using a non-magnetic scaffold, this peculiar process does not occur (e, f). In c-f bone tissue appears green/light blue, the residual scaffold material (magnetized collagen fibers) is brownish, the permanent magnet is black and the bone marrow (infiltrated by PMMA) appears white along the magnetic lines according to a process referred to as ''nano-magnetic actuation'' [48] . The magnetic information carried and transferred by MNPs is not static but dynamic. Indeed the flux of information continuously changes as magnetic nanoparticles or clusters are attracted toward the permanent magnet by the effect of the magnetic forces. This general and progressive migration of MNPs and magnetized collagen fibers towards the surface of the permanent magnet represents a natural way to reduce the magnetic gradient, with the overall effect of producing a dynamic flux of information. The dynamic nature of this cooperative process is also suggested by the presence of magnetic nanoparticles within less mature bone and their almost total absence in the more mature new bone tissue as revealed by EDX analysis. This observation may indicate an active participation of MNPs in the formation of bone tissue; besides, the absence of MNPs in the more mature bone tissue may indicate that bone remodeling has resulted in removal of the iron oxide nanoparticles which begin to migrate through the three-dimensional bone architecture under the static magnetic forces to accumulate at the surface of the permanent magnet.
Conclusions
The results of this study indicate that the use of a magnetic scaffold in conjunction with a permanent magnet may represent a suitable route to boost bone tissue regeneration. This appears to occur through a multi-stage process, based on the mutual interaction of static magnetic fields, MNPs and possibly bone cell mechanoreceptors, the exact mechanism of which will require further detailed studies for elucidation.
